Body-centric wireless systems demand wearable sensor and tag antennas that have robust impedance matching and provide enough gain for a reliable wireless communication link. In this paper, we discuss a novel and practical technique for the modeling of the human body in UHF RFID body-centric wireless systems. What makes this technique different is that we base the human model on measured far-field response from a reference tag attached to the human body. Hereby, the human body model accounts for the encountered human body effects on the tag performance. The on-body measurements are fast, which allows establishing a catalog of human body models for different tag locations and human subjects. Such catalog would provide a ready simulation model for a wide range of wireless body-centric applications in order to initiate a functional design. Our results demonstrate that the suggested modeling technique can be used in the design and optimization of wearable antennas for different real-case body-centric scenarios.
Introduction
Wireless monitoring of humans by means of low-power and low-cost UHF (860-960 MHz) radio frequency identification (RFID) is rapidly emerging. An RFID body-centric wireless system will provide several new and important features for applications in wireless sensor systems, healthcare, realtime remote biomonitoring of human vital signs, and neural activity [1] [2] [3] [4] [5] [6] [7] [8] [9] . One of the open challenges is to create efficient wearable antennas for RFID tags and sensors in close vicinity of the human body. The wearable antenna is a key component of the body-centric system as it provides the wireless communication link between body-worn electronics and base stations located in the surrounding. For the widespread use of wearable antennas to become reality, the wearable antenna should be unobtrusively comfortable to wear, inexpensive, and totally maintenance-free [10] .
Previously, the human body effects on antenna performance have been assessed by means of measurements and computational tools [5, 11, 12] . The human body models based on dielectric material parameters measured from tissue samples [13] have been developed with varying level of detail, from multilayered [5, 11] to homogenous [8, 9] structures. In [14] , an on-skin passive UHF RFID tag is designed and tuned directly onto skin with no intervening substrate using a 4-layered model of human tissue. Electrical data for the tissue layers are taken from tissue database.
Our novel method for modeling the human body is intended to overcome the need for knowing the electrical properties of specific biological tissues in detail. Additionally, the goal is to provide a method that can be easily and quickly adopted in practice for different body-centric scenarios.
We first consider the measured response from a reference RFID tag attached to a human volunteer subject as the true tag response. This includes not only the effect of high permittivity and dissipative tissues but also effects of polarization between tag and reader antennas, air between the tag and the body, uneven body surface, and shadowing. Such effects are easily overlooked, or even omitted, when too small and simplified phantoms are used for the measurement purpose. We then create a homogeneous simulation model using a full-wave electromagnetic solver, ANSYS HFSS v15 [15] , and define this model with the relative permittivity and loss tangent tan . Finally, we set the values so that the sum of squared residuals between the measured and simulated reference responses is minimized. A flow chart of the proposed method is given in Figure 1 .
The human body model is dependent on the tag location and the volunteer subject. However, the time to conduct a complete set of on-body measurements for a given tag location and human volunteer subject is rather short. This enables conducting fast measurements for different tag locations on body and for several human volunteer subjects, which allows one to create an average statistical catalog of human body models for each scenario. Creation of such catalog provides a practical, fast, and acceptably accurate engineering tool for initiating the design of optimized wearable antennas in bodycentric systems.
As summarized in Figure 1 , this paper is structured as follows. In Section 2, we explain in detail the reference tag onbody measurement procedure. The setting of the parameters and tan is considered in Section 3. In Section 4 we demonstrate that the human body model can be utilized to estimate the performance of electrotextile wearable UHF RFID tag antennas. Section 5 concludes this paper with an outlook for future work. polyimide film. Its electrical properties ( = 3.5 and tan = 0.0026) are accurately specified, which makes it a suitable antenna for extracting the human model parameters. As seen from Figure 2 , the reference antenna is a folded dipole equipped with a T-matching loop (parameters 2 , 2 , and ℎ 2 ). Dipole antennas are simple single-layered structures with well-known impedance matching and miniaturization techniques. In addition, they enable easy integration with garments, which is necessary for their widespread use to become reality. We hence consider the dipole antenna as a proper choice for this study. The loop transforms the tag antenna input impedance to inductive so that complex conjugate impedance matching between the antenna and the capacitive tag IC is achieved. The lengths and 3 set the resonance frequency. The tag NXP IC has an equivalent input parallel resistance and capacitance of 2.85 Ω and 0.9 pF, respectively, [16] . The overall goal in the free-space optimization is to achieve a high antenna realized gain real at 950 MHz. This assures a valid response from the tag when operating on the human body even though severe International Journal of Antennas and Propagation performance degradation is encountered. The realized gain takes into account the antenna-IC impedance matching and is given by
Reference Tag On-Body Measurements
where ( , ) is the antenna gain and is the power transfer coefficient at the antenna ( )-IC ( ic ) interface [17] :
where and ic are the antenna and IC resistances, respectively, and and ic are the antenna and IC impedances, respectively. Equation (1) is evaluated by simulating the tag antenna properties and utilizing the NXP IC equivalent circuit model [16] . As seen from Figure 3 , the desired high antenna realized gain at 950 MHz is attained.
Case Studies:
Upper Arm, Chest, and Head. Next, we conduct the reference tag on-body measurements. The asymmetric structure of the human body calls for careful selection of tag position in order to minimize shadowing effects and excessive power dissipation in the human tissues [12, 18] . It is extremely difficult to assure that a single antenna is enough to realize an omnidirectional off-body link because at the UHF band the electromagnetic wave scattered from the tag antenna cannot propagate through the high-loss human body [18, 19] . Here, we measured the reference tag response in the boresight direction without using any additional layers between the tag antenna and the human body. A UHF human body model was evaluated for three different locations on the human body: upper arm, chest, and head ( Figure 4) .
The upper arm and chest locations are suitable for applications where the antenna is intended to operate on the shirt or jacket. When the wearable antenna is integrated with a hat or hairband, a head model is needed for the antenna design and optimization processes. We conducted the reference measurements for two volunteer subjects to determine the variations in the human body model parameters and tan when the body proportions are changed. Most importantly, this provides valuable information about the acceptable accuracies related to the human body models.
Measurement Set-Up and Reference Response Results.
We conducted the on-body measurements in an anechoic chamber environment. All measurements were performed in far-field conditions. The Voyantic RFID measurement system consists of a reader antenna, software, and measurement device [20] . The measurement device has adjustable output power and transmission frequency, which allows monitoring the tag reply under test to ISO 18000-6C query command. Core operations of this device are performed with vector signal analyzer. First, we utilized the system hardware calibration tag to wirelessly measure the path loss iso in the wireless measurement channel. The path loss is defined from the transmitter's output port to the input port of a hypothetical polarization-matched isotropic antenna placed at the measurement plane. The channel characterization for one of the case studies is shown in Figure 5 .
For each case we performed the channel characterization, after which we aligned the on-body attached reference tag at the measurement plane and monitored the minimum reader output threshold power th required to attain a valid response from the tag in a polarization-matched configuration. The measurement set-up remained the same during channel characterization and during the threshold power measurement. The threshold power measurement set-ups for all the cases are shown in Figure 6 .
Using the measured quantities iso and th we derive an expression for the measured read range. According to Friis equation, the power received by the tag antenna at a distance from the reader antenna is
where is the transmitted wavelength, is the power delivered to the reader antenna, and and are the gains of the reader and tag antenna, respectively. The received tag antenna power is only delivered to the tag IC when the tag antenna input impedance is conjugate-matched to the capacitive input of the tag IC. The tag IC minimum threshold power (sensitivity) ic,th for activation is given by [21] ic,th = real iso th .
Using (3) and (4) the forward link read range is attained as
where = EIRP is the regulated isotropically radiated power (3.28 W in Europe). Solving for real in (4) and substituting into (5) we arrive at the expression for the measured read range as follows:
The threshold power at the measurement plane, that is, on tag on-tag,th , can be written as on-tag,th = iso th . The measured path loss iso follows from (7) as
where Λ is a known constant describing the sensitivity of the calibration tag and * th is the measured threshold power of the calibration tag (the star refers to the calibration tag) in polarization-matched configuration. The measured quantities in (6) are thus th and * th . For each of the cases, we repeated the th measurement 20 times to determine the dynamic uncertainty. Between the measurement repetitions, the volunteer subject wearing the reference tag was moved from the measurement position and then repositioned for the boresight measurement.
From the 20 repeated threshold measurements, we computed the sample average ( ) and sample standard deviation (V) of th to estimate the expectation and standard deviation of the governing probability distribution. To estimate how the measurement uncertainty propagates from the measured threshold power to the theoretical read range through the nonlinear equation (6), we linearized it in the neighborhood of the measured sample average using the first order Taylor expansion. As a result, we obtained the first order approximations
of the expectation and standard deviation of max , respectively. The average read ranges (Nom) based on the th measurements and the standard deviations (± ) are shown in Figures 7, 8 , and 9. For all the measurement cases the standard deviation is low, implying that the dynamic uncertainty is low. The chest location provides a relatively flat platform for the tag antenna and the chest local tissue properties do not differ significantly between the volunteer subjects. We hence observe good agreement between the reference responses for the volunteer subjects. Both the arm and head provide round platforms. Relatively large differences are expected in the local arm and head tissue properties between the volunteer subjects. Further, the radius of the arm and head curvatures are different for the volunteer subjects. We see in Figures 7 and 9 that this results in somewhat different reference responses between the subjects. In summary, the reference tag response is dependent on the volunteer subject and the tag antenna location on the human body. According to the measurement results, we expect a difference of maximum 0.5 meters between the measured reference responses from the two test subjects based on 20 repeated measurements. 
Reference Tag On-Body Simulations
For each case, we created a homogeneous simulation model that represents the human body part where the reference tag is located ( Figure 10 ). We used the same model dimensions for both volunteer subjects. This way one fixed human body model represents the tag location, and the model parameters and tan will count for the differences in body proportions and properties between different individuals. A wearable antenna designer would hence in future select the model dimensions according to the body-centric application (tag location) and then set the model parameters and tan according to the target group (volunteer subjects). We used cylindrical models for the upper arm and head cases. For the chest we chose an elliptical model. We assigned realistic dimensions for each model to mimic the body part. In a polarization-matched configuration the simulated read range is calculated from (5).
The tag performance will be mostly influenced by the outer tissue layers. For each configuration in Figure 10 , we swept the relative permittivity from 5 to 50 with 0.5 step and the loss tangent from 0.2 to 0.5 with 0.01 step to cover the permittivities and loss tangents measured from human tissues [22] . Referring to Figures 7-9 , we expect that at least for the arm and head cases, the human body model and tan values will differ between the two volunteer subjects.
For each studied case and volunteer subject, we set the and tan values so that the sum of squared residuals is minimized between the averaged measured and the simulated read ranges. The average measured read range ( , ) consists of data pairs, where = 1, . . . , . Here equals the number of frequency points (101) used in the simulations (860-960 MHz, 1 MHz step). The pair ( , ) consists of the frequency variable and the average measured read range variable . Each of the simulated read range solutions ( , ) holds a vector with the unique parameter combination of and tan . The sum of squared residuals is calculated as where the residual is defined as the difference between the measured and simulated read range values such that = − ( , ) .
We observe from Figures 11, 12 , and 13 that the simulated read ranges are well within the accepted ranges, that is, ±0.5 meter from the average measured read ranges. We observe that for a given case the model parameters and tan may differ significantly between different volunteer subjects. This supports our statement that application and case specific human body models for body-centric RFID are needed. A general body model will not provide an optimum tool for wearable antenna design.
The skin is the first and most prominent human tissue affecting the tag performance for all studied cases. Still, the measurement results in Figures 11-13 show that the reference tag performance encounters the largest degradation when located on the chest. We remember that the reference tag response is not only affected by the human tissues, but also by the air between the tag and body and the structure of the body surface. It is obvious from the measurement set-up in Figure 4 that the round arm and head locations will add air between the tag and the body, which decreases the human body effects on the tag performance.
It should be noted that the attained and tan values are not only dependent on the measured reference response, but also on the chosen human body model. Therefore, the same shape for the human body model should be used for future antenna design and optimization and the antenna on-body measurements should be conducted in similar manner as for the reference tag. The total time to complete one set of measurements for a given human subject and antenna location to attain the human body model parameters is rather short. This allows creating a catalog of parameters for different scenarios and body models. Such catalog would augment the future development of new and efficient wearable antenna solutions in body-centric communication applications.
Human Body Model Verification

Electrotextile Antennas.
We verify the human body models by measuring and simulating the read ranges of wearable tags on human body and on the human body models, respectively. In recent studies, electrotextiles are demonstrated to be competitive solutions for the realization of wearable antennas [9, [23] [24] [25] [26] [27] . Electrotextile technologies are flexible conductive materials that are constructed by interpolating metal or polymer threads with conventional fabric thread or conductive threads [25] . Commercially available conductive fabrics and embroidered structures are commonly used as electrotextiles in wireless body-centric applications. These are believed to be a strong candidate for body-worn electronics thanks to their washability, durability, flexibility, and seamless integrability [25] .
Embroidered structures are challenging materials to model. Compared to solid conventional antenna materials, such as bulk copper, embroidered structures are anisotropic materials. Their electrical properties are strongly dependent on the stitching density and pattern [26] . Further, the thickness of the embroidered structure is not unambiguously defined, as it depends on the stitching density and as the embroidery machine creates the structure on both sides of the flexible fabric substrate [27] .
Our electrotextile RFID tag antennas used for the human body model verification are presented in Figure 14 . Both antennas were implemented on cotton fabric ( = 1.8 and tan = 0.018). The embroidered antenna was fabricated [27] using conductive thread [28] . The thread is created from two strands of conductive fibers, which are each in turn created from 34 filaments. The filaments have a polyamide core plated with silver. The thread dc resistance is 500 Ω/m ± 100 Ω/m. The other tag antenna uses commercially available [29] conductive copper polyester taffeta fabric (35% copper).
Previously, we demonstrated that the embroidered and fabric antennas can be modeled as infinitely thin homogeneous conductors with a sheet resistance value of 1.25 Ω/sq. and 0.40 Ω/sq., respectively [30] . This technique eliminates the uncertainty related to the electrotextile thickness, as the sheet resistance is independent of the thickness.
Case Studies:
Upper Arm, Chest, and Head. We simulated the electrotextile antennas on the human body models attained in Section 3 and conducted the on-body measurements similarly as presented in Section 2.3. The measured and simulated boresight (+ -direction) read ranges for all the cases are presented in Figures 15-20. 
Discussion.
We clearly see that the wearable tag performs better on the female body: we may expect up to 1 meter more read range on the female body. The head and the chest are high-loss platforms for the antenna. This, together with the high-loss sewing thread creating the embroidered tag, lowers the embroidered tag antenna quality factor. A low quality factor results in a large bandwidth, which can be seen from Figures 18 and 20 . Also the fabric tag shows a relatively large bandwidth on these high-loss platforms (Figures 17 and 19) . Due to the low sheet resistance value of the copper fabric we observe for all the cases a slightly better read range for the fabric tag compared to the embroidered tag. Before evaluating the agreement between simulation and measurements results, we should consider four major uncertainty sources.
(1) The human body model and tan parameters are strongly correlated with tag location on body, volunteer subject, and the tag physical orientation and attachment on the body. It is extremely difficult to attach the electrotextile tags at identical locations and orientations on body as the reference tag.
(2) Compared to the reference tag antenna materials, the embroidered electrotextiles are challenging to model.
In [30] we demonstrated that electrotextile dipoletype tag antennas can be modeled with ±1.5 meter read range accuracy.
(3) The electrotextile antennas have limited fabrication accuracy. According to our knowledge and previous work [30, 31] , the electrotextile antenna fabrication process can result in ±1 meter free-space read range difference between two antenna samples.
(4) The parameters iso and th have limited measurement accuracies. We are able to measure th with ±0.2 dB accuracy and iso with −0.45 ⋅ ⋅ ⋅ −0.05 dB accuracy [20] . The impact of the first uncertainty source is dependent on the tag location on body, while the other three uncertainty sources are independent of the measurement set-up. When considering Figures 15 and 16 , we notice a maximum difference of almost 3 meters between measured and simulated responses. In measurement point of view, the human arm is a challenging antenna platform. In this case, the first listed uncertainty source is strongly influencing the results. The curvature of the human arm makes it difficult to align the flexible electrotextile tag antenna in the same way as the reference tag antenna. Unfortunately, this practical issue is typically present when the human body constitutes the antenna platform and the antenna location is on curved surface. One way to overcome some of the issues is to use simplified phantoms for measurement purpose. However, this approach would not exclude the practical issues when the wearable antenna is put into operation in its intended bodycentric application.
For the chest and head cases (Figures 17-20) we attain better agreement between measured and simulated results. In these cases we were able to align the electrotextile tag antennas in a similar way to the reference tag thanks to the less curved platforms.
When evaluating a human body model for body-centric applications we should always take the uncertainties into consideration. Hence, the tag performance prediction we attain using our human body models should not be considered as an absolute truth, but instead as a guideline for initiating the design of optimized wearable antennas in body-centric systems. As our modeling approach can be quickly and easily adopted in practice, it will assist the future development of new and efficient wearable antenna solutions.
Conclusion and Future Work
In this paper, we proposed a method for modeling the human body in RFID body-centric wireless systems. The method eliminates the need for knowing the electrical properties of specific biological tissues and it can be effectively adopted in practice for different body-centric scenarios. The paper also considered practical aspects and issues of on-body measurements and provided important information about how different human bodies will influence the wearable tag antenna performance. The paper discussed practical limitations of the proposed modeling method and elaborated on the accepted human body model accuracies. The human model will be utilized in future electrotextile antenna design and optimization.
